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^ ', Abstract 

' We investigate the cosmological and astrophysical constraints on superconduct- 

, ing cosmic strings (SCSs). SCS loops emit strong bursts of electromagnetic waves, 
which might affect various cosmological and astrophysical observations. We take 

■ into account the effect on the CMB anisotropy, CMB blackbody spectrum, BBN, ob- 

. servational implications on radio wave burst and X-ray or 7-ray events, and stochas- 
tic gravitational wave background measured by pulsar timing experiments. We then 
derive constraints on the parameters of SCS from current observations and estimate 

ITl • prospects for detecting SCS signatures in on-going observations. As a result, we 

^ I find that these constraints exclude broad parameter regions, and also that on- going 



radio wave observations can probe large parameter space. 



1 Introduction 



Cosmic strings [T] are one-dimensional massive objects, which may appear as topological 
defects at the spontaneous symmetry breaking (SSB) in the early Universe [2]. As a 
result of nonlinear dynamics, they form highly complicated string networks, consisting of 
infinite strings, which stretch across the Hubble horizon, and closed loops. They leave 
cosmological and astrophysical signatures in many ways. As an important probe of both 
the early Universe and particle physics beyond the Standard Model, they are investigated 
extensively. 

There is a possibility that a cosmic string is superconducting, which carry an electric 
current flowing without resistance [3]. Such a cosmic string is called a superconducting 
cosmic string (SCS). Whether a cosmic string is superconducting or not depends on the 
way of SSB in the background particle physics model and such models can be constructed 
in Grand Unified Theory in natural ways [3]. SCSs are essentially characterized by two 
parameters. One is the tension n, the mass per unit length, which is often written in the 
dimensionless form Gfi, where G is the Newton constant, and the other is the magnitude 
of the current /. 

A large electric current in a core of a SCS can leave unique signals of SCSs in many 
ways. In their nonlinear dynamics, current-carrying string loops emit strong bursts of 
electromagnetic waves (EMWs) jlHT], in addition to gravitational wave (GW) bursts. 
Such EMWs may lead to various types of observable effects. For example, it leads to the 
distortion of the energy spectrum of the cosmic microwave background (CMB) [814T0]. 
the early reionization of the Universe and its effect on the CMB power spectrum [TT] . 
gamma ray bursts (GRBs) [T214T5] . H radio transients pn - [T9] and so on. Besides, massive 
particles might be created from SCSs and their decay products may be detected as ultra 
high energy cosmic rays [201I2T] . 

While these observable signatures of SCSs have been studied, there are not so many 
papers which focused on the constraints on the parameters characterizing SCSs, G/i and 
/, from current observations or the parameter regions which can be probed in future 
experiments^ In this paper, we aim to derive constraints or future prospects not only 
integrating signals studied previously but also considering novel observable effects of SCSs. 

We consider following tj^es of signals of SCSs. The first one is the change of the 
ionization history of the Universe and its effect on the power spectrum of the CMB 
anisotropy. While Ref. [11] focused on the effects of SCSs on reionization, EMWs injected 
at any time after the recombination around the redshift ^rec — 1090 can ionize neutral 
hydrogens and alter the evolution of the ionization fraction. In fact, in the context of 
decaying or annihilating dark matter, the effects on the ionization history of the energy 
injection in the whole epoch after recombination have been studied [221 - I26] . Because of 
the high accuracy of CMB measurements, the energy injection at any redshift smaller 
than Zj-ec is constrained severely. We will see that for SCSs, the most stringent constraint 

^ However, there are objections against the idea that SCSs can be engines of GRBs [16]. 
^ In Refs. [inilll] constraints from the CMB observation are studied. 
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from the CMB comes from the energy injection around the recombination epoch. 

The second one is the CMB spectral distortion. The energy injection from SCS loops 
into the baryon-photon fluid between z ~ 2 x 10^ and 2; ~ 5 x 10^ induces the //-distortion 
of the energy spectrum of CMB photons from a blackbody spectrum, and that between 
2 ~ 5 X 10^ and z ^ 1090 induces the ^/-distortion [27H32] . In addition to EMW emission, 
which was considered in Ref. [10], the energy losen by dissipation into the plasma is also 
causes this effect. 

The third one is the effect on Big Bang Nucleosynthes (BBN). Since the observed 
abundance of light elements are consistent with the prediction of BBN, the energy in- 
jection in the BBN epoch, which destroy nuclei and alter their abundance, is severely 
constrained [33l[3l]. We can derive constraints on SCSs from BBN so that EMWs radi- 
ated by SCS loops do not photodissociate these light elements too much. 

The fourth one is direct observations of EMWs from SCS loops. EMWs emitted after 
recombination can be directly observed by current telescopes in various frequency bands, 
unless they are absorbed in their propagation. In this paper, we consider the possibility 
that photons from SCS loops are detected as radio waves or high energy photons such 
as X-rays or 7-rays. Since radio wave bursts from SCS loops have very short duration, 
A < 10~^s as mentioned below, they are observed as radio transients by telescopes such as 
Parkes [35]. In fact, there is an argument that an extragalactic radio wave burst has been 
discovered in the data of Parkes [36] . High energy photons such as X-rays and 7-rays have 
been also observed extensively in many experiments including the Fermi satellite [37]. As 
mentioned below, bursts of X-rays or 7-rays originating from SCS loops have duration 
much shorter than the time resolution of the instruments, hence many photons fly in the 
detector simultaneously in the events of SCSs. This makes SCSs signals distinguishable 
from those of the background or astrophysical events such as GRBs, which last much 
longer. 

Finally, we consider the limit on the stochastic GW background emitted by SCSs from 
pulsar timing experiments. For SCSs, since the current J affects the number density of 
loops and the ratio of energy emitted as GWs to that as EMWs, the pulsar timing limit 
on the tension G[i depends on J in the case that EMW emission is more efficient than 
GW emission. 

Integrating the above cosmological and astrophysical signatures of SCSs, we find the 
excluded regions in J-G/i plane and the regions which can be probed by on-going ob- 
servations. We will find that the CMB anisotropy constraint gives the most stringent 
constraints, while the CMB distortion constraint, the BBN constraint and the constraint 
from the past data of radio burst search at Parkes also exclude some parameter spaces 
which the CMB anisotropy observation is not sensitive to. Out of the excluded regions, 
there are large areas in the parameter plane which can be probed by the HTRU sur- 
vey [38], the on-going observation at Parkes Observatory, while the parameter area in 
which Fermi satellite can detect signals of SCSs at a considerable rate is limited. 

Concerning loop size, we consider the two cases : the large-loop case and the small- 
loop case. In the former case, the size of loops is about a tenth of the Hubble radius 
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at the formation and they typically survive much longer time than one Hubble time. In 
the latter case, on the other hand, loops are so small that they disappear in one Hubble 
time, radiating their energy as GWs and EMWs. The actual loop size remains unclear 
because of the difficulty to trace the highly nonlinear dynamics of the string network, so 
we consider these two typical cases about loop size. We will see that in the large-loop case 
the excluded parameter regions or regions which can be probed in the future are larger 
than in the small-loop cases, since large-loops can survive longer cosmic time and hence 
energy density of loops can be much larger if they were born in the radiation dominated 
era. On the evolution of SCS loops, we take into account energy dissipation due to the 
SCS interaction with surrounding plasma, which is induced by the current on loops [1], 
in addition to emission of EMWs and GWs. This effect was neglected in most of recent 
papers on SCS. 

This paper is organized as follows. In Sec. 2, we briefly review the EMW emission by 
SCS loops and their abundance. In Sec. 3, we consider the constraints mentioned above 
and derive excluded regions in the parameter plane of SCSs. Moreover, we derive the 
contour plot of the detection rate of SCS events in various types of on-going observations 
to estimate the prospect for SCS searches in the near future. We summarize this paper 
in Sec. 4. 

In this paper, cosmological parameters are set as below, according to the latest result 
of WMAP [39]. Density parameter of dark energy : Q\ = 0.728, density parameter of 
matter : Qm = 0.272, the current temperature of the CMB : Tq = 2.725K, the present 
Hubble constant : Hq = 70.4km/s/Mpc. We define the present value of the scale factor 
as ao = 1. 



2 Some basics about SCS loops 

2.1 EMW and GW emission from SCS loops 

We assume that SCSs have an equal, uniform and constant current /. [fl A SCS loop with 
current emits EMW bursts from cusps, highly relativistic regions which appears 0{1) 
times per one oscillation periodQ The energy of EMWs emitted from a loop with length 
/ into unit solid angle per frequency in a cusp event is given by [18] 



j2 rp 

lH\ (1) 



dfdVt 



The current around a cusp region reaches the chiral hmit [5ll6li40] and after that it is constant, unless 
there is external effects such as current induction due to the external magnetic field, which we do not 
consider in this paper. 

^ EMW bursts from kinks are studied in Ref. [19] . We do not consider them in this paper because the 
energy emitted from a kink per unit time is much smaller than that from a cusp. 
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A solid angle of the EMW emission from a cusp depends on the EMW frequency. It is 
given by 

mf) = oM) - iur'^'- (2) 

Since / is order of cosmological scale, // ^ 1 is satisfied for frequencies we are interested 
in. The energy emitted from a cusp event per unit frequency is 

^ ~ /¥Afi(/) ~ 7r/V/V"'/l (3) 

Note that / dfdE/df is divergent, hence there must be a cutoff frequency fc- A model 
independent cutoff frequency comes from the requirement that the emitted EMWs do not 
significantly back-react to the SCS motion. It is given by [HISIIT] 

^ 2./. ^ ,''^rH-^ ^ 10= GeV (^f {^)' {l^) . (4) 

Therefore, the total energy emitted in a cusp event is given by 

Etot ~ n^/ji. (5) 

The main contribution to the EMW emission comes from the frequency of / ~ fc- Since 
cusps appear on a loop at a time interval ~ /, the energy emitted from a loop per unit 
time is 

-Pem = Tem-^a/T'', (6) 

where Fem, which is set to be 10 in this paper, is a numerical constant. A SCS loop also 
emits GWs. The energy of GWs emitted from a loop per unit time is 



GW — J- GW 



(7) 



where Fqw is a numerical constant which is taken to be 50 in this paper. For I > 
where 



a loop loses its energy mainly by the EMW emission, i.e. Pem > -Pgw- For / < on the 
other hand, the GW emission is the dominant channel of energy release, i.e. Pgw > -Pem- 
Hereafter, we call the former case as the EMW-dominated case and the latter as the 
GW-dominated case. 

Note that, for most parameter region of interest, the cutoff frequency dl]) is much 
larger than the plasma frequency Up, 
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where Ue is the number density of electron, me is the electron mass, and Xe{z) denotes 
the ionization fraction of the hydrogen at the redshift z. Therefore, we do not need to 
consider the damping of EMWs in the cosmological plasma. 

It should also be noticed that the SCSs feel friction from the surrounding plasma [1] 
and dissipate their energy into the plasma. The energy loss rate of a SCS loop with length 
/ due to this effect is given by 

Pdi. - F,j, ~ hi ' ; ^ (10) 

where Fdis is the force acting on the SCS per unit length, pe is the energy density of the 
electron, u is the viscosity of the plasma and Rg ~ -^/a/pI is the radius of the cylindrical 
region where plasma particles cannot invade due to the magnetic field induced by the 
current on the loop. Since Rg/v is an increasing function of time, the upper expression of 
(fTOl) is valid at the earlier time and the lower one is valid at the later time. See Appendix 
for details. 



2.2 Evolution of SCS loops 

Next, let us estimate the abundance of SCS loops. As a consequence of repeating collisions 
and reconnections, the string network reach a scaling regime, where the network of infinite 
strings can be thought of as a random walk with correlation length ^ comparable to the 
Hubble radius. In order to maintain the scaling, infinite strings must emit their energies 
in the form of loops. Assuming the length of loops which are formed at time t is at, the 
formation rate of loops at time t per unit volume is given by 

^ (11) 

Here we have assumed ^ = 7(t)t and 7(t) changes like a step function, 

i{t) = h (12) 

where tgq is the time at the matter-radiation equality and the subscript r(m) represents 
the value in the radiation (matter)-dominated era. We take 7,. = 0.27 and 7^ = 0.64 in 
the following jUj. The number density of loops decrease in proportion to a{t)~^, where 
a{t) is the scale factor. Therefore, the number density of loops at the time t, which are 
formed at the time ti is given by 

dn 1 / a{ti) \ ^ , , 
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After the formation, a loop shrinks radiating EMWs and GWs and dissipating its 
energy by the friction. The rate of shrinkage is given by 



i = -Feff - (14) 

where ^ 

Tcff = TGwC/i + Fem^P, (15) 

represents the efficiency of GW and EMW radiation and the dot denotes time derivative. 
If dissipation can be neglected, i.e., Pem + -few > -fdis, the length of a loop decreases 
proportionally to time as 

l(t,ti) = ati-Tc{{{t-ti), (16) 
where ti is the time when the loop is formed. The lifetime of a loop is given by 

r = (17) 

J- eff 

and a loop with size / = ld{t), where 

ld{t) = Tefft, (18) 

decays within a Hubble time emitting GWs and EMWs. On the other hand, plasma 
dissipation forces a loop to shrink exponentially. If 

{Tdi^H)-' > 1, (19) 

where 

-dis^ = ^ (20) 

and H = a/a is the Hubble parameter, a loop decays within a Hubble time dissipating 
almost all of its energy into the plasma. This does not depend on the size of the loop, 
unless / < ld{t)- The condition (t^isH)'^ > 1 also means that plasma dissipation is the 
dominant energy loss mechanism, i.e., Pdis > -Pgw + -Pem for loops with length / > ld(t). 
Hereafter, we call the period of (rdisH)^^ > 1 the dissipation-dominated period. Note 
that, as a function of time, (rdis-f^)"^ has a peak at the time when T = rrie if Rs < i^, 
while it is an increasing function in the radiation-dominated era and constant between 
the matter-radiation equality and the recombination if Rg > v. Therefore, there can be 
two dissipation-dominated periods. Depending on G/i and /, either of them might not 
exist or they might be combined. 

Despite many numerical and analytical studies on the dynamics of the string network, 
the magnitude of a remains unclear: it varies from 0.1 to some power of Gji^ We then 



As for studies on the loop size, we refer to Refs. 
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consider the two cases separately in the following analyses. One is the large-loop case, 
where 

a = 0.1. (21) 

In this case, since a ^ Fefr, a loop is long-lived : it survives much longer than one Hubble 
time, as long as GW or EMW emission is the dominant mechanism of energy loss. The 
other is the small-loop case, where 

a = Teff. (22) 

In this case, a loop is short-lived : it disappears within one Hubble time after the forma- 
tion, independently of whether the dominant energy release channel is EMW emission, 
GW emission or plasma dissipation. If loops are long-lived, the loop density is enhanced 
compared with the background energy density in the radiation-dominated era, since the 
loop density is proportional to while the radiation density is proportional to a~^. 
This makes the CMB anisotropy, the CMB distortion and the BBN constraints in the 
large-loop case severer than those in the small-loop case and the detection rate of EMW 
bursts higher, as we will see below. In both the large-loop case and the small-loop case, 
loops about to disappear is dominant in term of number and energy density over loops of 
different length. Length of such loops at time t is given by / ~ ati{t), where ti{t) is the 
time when they are formed. ti{t) is given by 

t it) = I' ' (^<^^^W^)" > 1 (23) 

\max{tdis,^f^t} ; (rdis(t)if)-i < 1 ' ^ ^ 

where tdis is the latest time when {Tdisit)H)~^ exceeds 1 before t. If such tdis does not 
exist, ti{t) = ^^t and / ~ ld{t). We consider only loops about to disappear below. The 
results in the following sections do not change much even if loops of all length are taken 
into account. The number density of disappearing loops are given by 

The energy density of disappearing loops is Pd(t) = nd{t) x fiati{t). In the large-loop case, 
if plasma dissipation is negligible, we obtain 

1/2 



Pd{t) 



cff 



,1/2 / \ 1/2 , ^ 

Me^/M .,^t^J^,- (25) 



efT 



t < t < —t 

1 ''cq \ i' \ ''eq 



• t > —t 

^2 42 ' ^ r,ff ^eq 



Note that fi/'y^t'^ is the energy density of infinite strings. In the radiation-dominant era, 

1 /2 

the energy density of disappearing loops is enhanced by a factor (a/Tcs) as mentioned 
above. On the other hand, in the small-loop case or if (rdisH)^^ > 1, we obtain pd{t) ~ 
/x/7(t)^t^. It means that the energy density of loops is equal to that of infinite strings 
since they disappear right after their formation. 
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2.3 A model of SCS 



Here we shortly point out that SCS may naturally arise in a class of supersymmetric 
(SUSY) models. We introduce two gauged U(l)'s, U(l)x and U(l)y. Let us take the 
superpotential as 

W = X{K^(t)^ + K^XX- (26) 

where X is a singlet chiral superfield, 0(0) are charged under U(l)x gauge group and 
xix) are charged under U(l)y gauge group, and and are coupling constants taken 
to be real and positive. After including the SUSY breaking effect, the scalar potential is 
given by 

V = + K^XX - /iT + "^J(l0r + 101') + ^(Ixr + IxH, (27) 

where we have set X = and taken the soft masses for and to be same for simplicity, 
and also similarly for x and x@ We have also omitted the D-term potential, which enforce 
101 = 101 and Ixl = \x\- This is quite similar to the scalar potential that allows the SCS 
solution [3]. Let us see some more details. As explicitly recognized in Refs. [MIISS], there 
is a moduli space along the direction satisfying K000 + ti^xx = /^^ without soft masses, 
and this degeneracy is broken due to the effect of soft mass terms. We find that the 
potential minimum is given by either the point PI or P2 in the scalar field space : 

PI : (101) = 0, (Ixl) = ^Vv^ for ml/K^ > m\lK^, 
P2:(|x|)=0, (|0|) = /iV^ for m5/K^<mjK. 

Let us consider the latter case : vp?^j < m^/ where the point P2 is the true 
minimum. To see how SCS is formed, we take this model as a hybrid inflation sector 
with X being identified with the inflaton field [SB]. In this model, it is found that the 
tachyonic instability first develops on the direction oi x K'x < >^4> '■ X takes a role of 
waterfall field in this case. Therefore, if these conditions are satisfied, scalar fields first 
fall into PI just after hybrid inflation and then finally they find the true vacuum P2. We 
identify U(l)x as, e.g., the B— L gauge group, which is spontaneously broken by the large 
VEV of at the present vacuum and U(l)y as the EM gauge group or others including 
it. It is expected that this series of phase transitions produce SCS, although soft mass 
scales are typically much smaller than _u and hence phenomenology of such thick strings 
might be different from ordinary ones|3 

^ Strictly speaking, X takes finite expectation value if one correctly takes into account the constant 
term in the superpotential. But it is much smaller than the scale /i and safely ignored in the present 
discussion. 

Thermal inflation would take place during the course of this final phase transition |54) . 
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3 Constraints on parameters of SCSs 



3.1 CMB anisotropy constraint 

The anisotropy of the CMB has been observed in various experiments with high accuracy. 
Because of high accuracy of CMB measurements, nonstandard energy injections which 
lead to the extra ionization are severely constrained over the whole epoch after recom- 
bination. In the context of decaying or annihilating dark matter, the limit on energy 
injection is studied in Refs. [22H26] . The energy of EMWs emitted from SCS loops per 
unit volume per Hubble time is given by 

p 

p\n]{t) ~ nd{t)V^Ml^/llt ~ pdit) X (29) 

tot 

where Ptot = -Pem + -few + -Pdis- Note that Pmj(^)/ptot is a decreasing or constant function 
of t in the matter-dominated era. This means that the most stringent constraint comes 
from the energy injection around the recombination epoch. From Ref. [23], the upper 
bound on the injected energy by SCS loops is inferred as pum = 7.0 X IQ-^Vcm^ at 
t = 10^^ s. Then the condition 

Pinj(t= 10^=^s) <pu„, (30) 

leads to constraint on J — Gp plane. 

Even though the injected energy exceeds piim, there is no significant effects on the CMB 
anisotropy if the energy of photons emitted by SCS loops is too low to ionize hydrogens. 
The cutoff energy of emitted photon, given by (j4]), shows that photons emitted earlier 
have larger energy than those emitted later, since the loop size / is smaller at earlier time. 
This is the case if Uc = fi^^'^I~^{ld{t = lO^^s))"^ < 13.6 eV. This condition is rewritten as 

f3^3 X 10-" (55^)' ;/</. 
' I9.4xl0-(T5^)'^ ;/>/. 

in both the large-loop case and the small-loop case. 

Parameter regions which violate both ( 130|) and (13T!) are excluded by CMB anisotropy 
observations. The excluded regions in J-Gp plane in the two cases are shown in Fig. [H 
The shape of the excluded region is explained as follows. In the GW-dominated case, 
/ < J*, the fraction of energy emitted as EMWs to that as GWs becomes smaller as 
Gfi increases. Thus a lower bound of Gp is obtained. On the other hand, in the EMW- 
dominated case, the energy of disappearing loops is radiated almost as EMWs, and the 
energy of such EMWs becomes larger as Gp increases. Therefore, Gp is bounded from 
above in the EMW-dominated case. For a small value of Gp, plasma dissipation must be 
considered. Under the black dashed line in the large- loop case of Fig. [H (rdisH)^^ > 1 
at the recombination. Therefore, energy injection by EMW emission around the recom- 
bination is strongly suppressed. Even after it, energy injection as EMWs is suppressed 
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/[GeV] 



(a) The large- loop case, a = 0.1. Under the black dashed line, fdisH ^ > 1 
at the recombination. 




(b) The small-loop case, a ~ T^s 

Figure 1: Constraint from the CMB anisotropy observation in the large- loop case (top 
panel) and the small- loop case (bottom panel). In each figure, between the two red lines 
the injected energy is larger than pum- In the left side of the blue line the cutoff energy 
of emitted photons from SCS loops is larger than the ionization energy of hydrogen. Red 
regions are excluded. On the black line the energy radiated by EMW emission per unit 
time is equal to that by GW emission. 
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since all loops are generated after the recombination and the enhancement of loop number 
density mentioned in Sec 2.1 does not occur. However, the excluded parameter region 
is above this line, so the effect of plasma dissipation around the recombination does not 
affect the result. On the other hand, around the bottom of the excluded region, where 
G/i ~ 10~^^ and 10~^^GeV < / < 10~^GeV, dissipation plays an important role. There is 
a dissipation-dominated period before the recombination. This leads to suppression of en- 
ergy injection around the recombination for parameter sets under the red horizontal line. 
In the small-loop case, plasma dissipation dose not affect the constraint since loops at time 
t are generated just before t and dissipation effect is negligible after the recombination 
until the reionization. 

The largeness of the excluded region in Fig. [T] shows that CMB anisotropy observations 
strongly constrain SCSs in terms of Gfi and /. In fact, the CMB anisotropy constraint 
excludes the larger area in I-Gfi than any other constraints considered below. The ex- 
cluded area in the large-loop case is much larger than that in the small-loop case, because 
of the aforementioned effect that the loop density is enhanced. 

3.2 CMB spectral distortion constraint 

The energy injection before recombination can induce deviation of the energy spectrum 
of the CMB photons from the blackbody spectrum [27H32] . After 2; ~ 2 x 10^, the 
double-Compton scattering, which is the photon number violating process and necessary 
to maintain chemical equilibrium between photons and electrons, becomes inefficient. 
Therefore, photons injected after z ^ 2 x 10^ change the energy spectrum of photons so 
that it has the nonzero chemical potential /i. This type of the CMB spectral distortion 
is called /i-distortion. After 2; ~ 5 x 10^, the Compton scattering, which is necessary 
to re-distribute the injected energy, also becomes inefficient. Photons injected after that 
induce the so-called y-distortion of the energy spectrum of the CMB photons, which 
can be characterized by the Compton y parameter. These types of CMB distortion are 
constrained by COBE FIRAS measurement; \fx\ < 9 x 10"^, y < 1.5 x 10"^ [571[58]- The 
future satellite, called PIXIE, might have much better sensitivity on these CMB distortion 
parameters; ~ 10"^, y ~ 2 x 10"^ at the la level. 

SCS loops inject energy into the baryon-photon fluid in two ways; EMW emission and 
plasma dissipation. The energy injected per unit time at time t is given by 



where Pdis — -^dis x (yti(t) since we are considering only disappearing loops. The chemical 
potential of the CMB photons is calculated by [32] 



dQ 
dt 



(32) 




(33) 
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/[GeV] 

(a) The large- loop case, a = 0.1. Under the dashed and dotted line, 
(rdis^f)"^ > 1 over the epochs when \i and y distortions are generated, 
respectively. 
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/[GeV] 

(b) The small-loop case, a = Toff 

Figure 2: The red and blue regions are excluded by fi and y distortion measurement by 
COBE, respectively. The green and orange regions will be probed by /i and y distortion 
measurement by PIXIE, respectively. The gray region is excluded by the CMB anisotropy 
constraint. 
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where is the photon energy density and t^^\ and t^^f are the times which correspond to 
the redshift 2; = 2 x 10^ and z = 5 x 10^, respectively. The y parameter generated by SCS 
loops is given by [32] 

1 f^y-' , dQ/dt 

where ty^i = t^^^ and ty^i is the time at the recombination, z ~ 1090. 

The parameter sets (G/x, /) which are excluded by COBE FIRAS measurement or will 
be probed by PIXIE are shown in Fig. |2l We also show the CMB anisotropy constraint. 
The shapes of the excluded region and the region probed by PIXIE are similar to Fig. [H 
since both types of constraint focus on the energy injection at some epoch. However, the 
regions shown in Fig. |2] do not have the right edge as Fig. [H which corresponds to the 
threshold value of the energy of injected photons. Therefore, there are parameters ex- 
cluded by not the CMB anisotropy constraint but the CMB spectral distortion constraint 
in the large / region, although the excluded region by the distortion constraint where / 
is smaller is mostly covered by the anisotropy constraint. 

In the large-loop case of Fig. [H under the dashed and dotted lines {r^i^H)'^ > 1 
over the epochs when /i and y distortions are generated, respectively. Under these lines, 
enhancement of loop number density does not occur, hence the observable CMB spectral 
distortion cannot be generated unless the energy density of infinite strings exceeds some 
threshold value. This corresponds to Gfi ^ 3 x 10"^^. In the small-loop case and when 
EMW emission or plasma dissipation dominates GW emission, the loop energy density, 
which is comparable with that of infinite string, is immediately converted into the injected 
energy. Therefore, the lower bound of the parameter regions shown in Fig. 2(b) also 
correspond to the threshold value of the energy density of infinite strings. 



3.3 BBN constraint 

Photons emitted by SCS loops at BBN epoch might destroy produced light elements and 
affect their final abundances [33|IM] . Since the observed abundances of light elements are 
basically consistent with the standard prediction of BBN, nonstandard energy injection 
from SCS loops is constrained. In particular, the constraint from the abundance ratio of 
^He to D, which may be altered by the process ^He + 7 — >■ n + '^He, is most stringent in 
the photo-dissociation processes [33]. Figure 42 in Ref. [33] shows the upper bound of the 
abundance of the decaying particle which causes photo-dissociation as a function of the 
lifetime of the particle, which can be easily translated into the bound on the energy density 
of SCS loops. The constraint on energy injection around t ~ lO^s is especially stringent. It 
should be noticed that, in order to destroy nuclei, photons must have energy larger than 
the threshold energy of the destruction process. Actually a photo-dissociation process 
^He-1-7 — n-|-^He requires the photon energy larger than 20.6 MeV. Therefore, we consider 
parameter sets where Uc{t) = jj^^'^I~^{ld{t))~^ > 20.6 MeV is satisfied. Otherwise, BBN 
constraints do not apply. 
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/[GeV] 



(a) The large-loop case, a = 0.1. Under the dashed line, TdisH ^ > 1 at 
t = lO^s. 




,8 



/[GeV] 

(b) The small-loop case, a = Toff 

Figure 3: The BBN constraint in the large- loop case (top panel) and the small- loop case 
(bottom panel). In each figure, the red region represents the BBN constraint, the grey 
region is excluded by the CMB anisotropy constraint, the blue region is excluded by the 
CMB distortion constraint and on the black line the energy radiated by EMW emission 
per unit time is equal to that by GW emission. 
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The resultant constraint is shown in Fig. |3l Most of the excluded region comes from 
the energy injection around t ~ 10^ s, when the energy injection is constrained most 
severely. The right side of the region is cut because the injected photon energy becomes 
small for large / and eventually it falls below 20.6 MeV. 

In terms of the ratio of the injected energy to the background energy, the BBN con- 
straint is not so severe as the CMB anisotropy constraint. For the BBN constraint, 
the upper bound is Pinj(^)/ptot(^) ^ 10~^ at t ~ 10*^ s, while the CMB anisotropy con- 
straint requires Pinj(^)/Ptot(^) ^ 10~^^ at t ~ 10^'^ s. Therefore, the excluded region by 
the BBN constraint is smaller than that by the CMB anisotropy constraint. However, 
in the large-loop case, there is a region which is excluded by not the CMB anisotropy 
constraint but the BBN constraint, since there is a region where SCS loops cannot emit 
photons with energy higher than 13.6 eV around recombination, but can emit photons 
with a; > 20.6 MeV at BBN epoch. Nevertheless, when combined with the CMB spec- 
tral distortion constraint, most of the excluded region by the BBN constraint is covered. 
In the small-loop case, the region excluded by the BBN constraint is so small that it is 



covered by the CMB anisotropy constraint almost completely. In Fig. 3(a), we plot the 



dashed line under which (rdis-f/^) ^ > 1 at t = 10^ s, but the whole excluded region in the 



figure is above this line. In the small-loop case, such a line is below the range of Fig. 3(b) 
Therefore, plasma dissipation has nothing to do with the BBN constraint. 

3.4 Radio wave observations 

In the above two subsections, we have considered the constraint for SCSs decaying be- 
fore/during recombination, where emitted photons are mainly absorbed. On the other 
hand, photons from SCS loops can reach us and be observed directly if they are emitted af- 
ter the recombination. First, let us consider the possibility that they are observed as radio 
wave. While possible radio wave signatures from SCS loops are studied in Refs. [T714T9] . 
we here aim to derive the constraint on parameters from radio wave observations. 

Considering only disappearing loops, the detection rate of radio wave bursts of fre- 
quency / from SCS loops is calculated as 

iV(/) = y^ d^^i^J)^ (35) 

where dN/dz, the rate of bursts coming from redshift z is given by 

dN dV 1 c 9UzJ?fs 

-{zj) ~ nd{z) — {z) 



dz dz {1 + zf ati{z){l + z) 4 Att 

X 9(1 - Omiz, f))e{S{z, f) - So)e{fc{z) - (1 + z)f). 

(36) 

Here, z^ec = 1090 is the redshift at recombination, ^{z) = Anr^zY^ is the volume ele- 



dz ^ ' ^ ' dz 

ment, r{z) = -^j^ is the comoving distance, H{z) = //qa/^a + ^m(l + z)^ + r2,.(l + z)^ 
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is the Hubble parameter, c is the number of the appearance of cusps on a loop per oscilla- 
tion period, which is set to be 1 in this paper, 9m{z, f) = {ati{z)f{l + z))~^^^ is the angle 
of the emitted photon from a cusp, fs is the sky coverage of the telescope, S{z, f) is the 
energy flux per unit frequency interval |^ of a burst with frequency / coming from redshift 
z, So is the sensitivity of the telescope, fdt) = uJc{t)/2n is the cutoff frequency and 6(x) 
is Heviside step function. The first step function in ( 136|) is necessary since a cusp on a 
loop of length / emit only EMWs of frequency / ^ and the third one reflects the fact 
that the frequency of EMWs from SCS loops has the upper bound. S{z, f) is given by 

^ df'dadf r[z,ffC^(z,f)l + z r[zfl^(z,fY ^ ' 

where /' = (! + z)f is the frequency of a burst when it was emitted. The duration of a 
burst of frequency / emitted at redshift z, A(2;, /), is given by 



A(^, /) = max J Atf„, + At^, A,es \ ■ (38) 



Here Atint is the duration of the burst event at the cusp times 1 + z and given by [12] 

Ati„t ~ (1 + z)Mf.e,M'f ~ f-\ (39) 

where Atj/ ~ lQm{f') is the emission time for a photon of frequency / at a cusp, and 
we have used the fact that the Lorentz factor of a cusp, which is directed toward us, is 
roughly given by 9m{f')~^- The time delay due to scattering by the turbulent inter-galactic 
medium is expressed by Atg, which is given by p ^ [36 | l59] 



At. = Ati(l±|y ' (^j-) \ (40) 



where we set Ati = 5ms, 2:1 = 0.3, /i = 1.374 GHz, /3 = 4.8 [18]. Finally, Arcs is the time 
resolution of the telescope. Since Atjnt ^ At^, A = Ats if Ats > Arcs and A = Ares if 

At^ <Z Ares* 

According to Ref. [36], only one burst-like event was discovered in the analysis of 
20 days data which was collected at Parkes observatory. Assuming that the number 
of bursts detected in a period obeys Poisson distribution, we can calculate the upper 
bound of the detection rate of bursts at Parkes observatory as A'^iim = 96yr~^ at 95% 
C.L.. The sensitivity, time resolution and sky coverage of Parkes telescope when the 
data was recorded, are Sq = 0.3 Jy, Ares = Ims, = 3.1 x 10~^sr [36], respectively. 
Therefore, setting the parameter about the telescope as above and the frequency as / = 
1.4 GHz, to which the Parkes telescope is sensitive, we search for parameter sets for 
which A^(/ = 1.4 GHz) exceeds iViim. We also consider prospects for SCS searches in 
on-going radio wave observations. As an example, we take the High Time Resolution 
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Parkes constraint A' = lyr"' for 5 > 0.61mjy A'=10V' A'=10''yi"^ 

S„j = 10" Jy S„d = 10' Jy S„,„d = 10' Jy S„cd = Wjy 

A„cd = !0-=E A„„d = 10"=s A„„d = 10- 's 

dissipation-dom. at recomb, /c = 1.4GHz ^bli' = ^^EM ^^■QVlBanisotropy constraint 

(a) The large- loop case, a = 0.1. Under the black dotted line, 
(Tdisi?)^^ > 1 at the recombination. 
,-8 
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- Parkes constraint 

- s„d = 10"^ Jy 

- A„„a = 10-=E 
■ A = 1.4GHz 



iV = lyr--' 

— S„rt = 10' Jy 

- A„d = vrh 
— Pgw = Pem 



-JV = 10;t-' S=10V-' 

■ = IJy S„,„d = lO-'Jy 

- A„„d = lO-'s 

■ CMBanisotropyconstraint 



- JV = lO'yr-' 



(b) The small- loop case, a = Fcff. 



Figure 4: Constraint from current radio wave observations and the prospect for future 
ones in the large- loop case (top panel) and the small-loop case (bottom panel). In each 
panel, the red region represents the excluded region by the past data of the observation 
at Parkes. Green lines are the contours of the rate of burst with frequency / = 1.4 GHz 
and flux larger than 0.61 mJy, which can be detected in Parkes HTRU. Blue (Orange) 
lines are contour plots of the mode flux (duration) of such bursts. Below the black dashed 
line, radio waves with frequency / = 1.4 GHz cannot be emitted by SCS loops after 
recombination. The shaded region is excluded by the CMB anisotropy constraint. 
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Universe (HTRU) survey at Parkes [38]. The parameters about the survey are set as 
So = 0.61 mJy, Ares = 64 /is,/, = 3.1 x lO'^sr,/ = 1.4 GHz [SHIEO]. 

The result is shown in Fig. |H In this figure, the constraint from past data of Parkes, 
contours for the detection rate, mode value of fiux (S'mod) and duration of bursts (Amod) 
in Parkes HTRU survey are shown, in addition to the CMB anisotropy constraint. Here 
Smod and Amod are defined as S{zm, f) and A{zm, /), where Zm is the redshift for which 
dN/dlnz{z, f) becomes maximum. This figure shows that although the constraint from 
the past Parkes data is considerably covered by the CMB anisotropy constraint, there 
are parameter sets excluded by the Parkes data but consistent with CMB anisotropy 
constraint, especially in the case where EMW emission dominates GW emission. 

The Parkes HTRU survey largely extends the parameter region which can be explored. 
We here comment on the contours of the detection rate, S^od and Amod in Fig. ID The flux 
S{z, /) is the decreasing function of z, while dN/d\nz{z, f) is the increasing function, as 
long as S{z, /) > 5*0. Therefore, the largest contribution to the integral (135|) comes from 
largest z. In other words, most of detectable bursts come from the maximum redshift at 
which bursts large enough to be detected can be emitted. In Fig. IH on the right side of 
the line of S^od = 10"'^ Jy, S{z^ec, f) exceeds 5*0 = 0.61 mJy and hence most bursts come 
from z ~ Zj-cc- Note that for larger / the fiux of burst becomes larger, as easily found 
from (!37|) . The burst rate on the right of the S'mod = 10~^Jy line is basically determined 
by the number density and the oscillation period of disappearing loops at around the 
recombination epoch, nd{z,:cc) and atj(zrec)- On the other hand, on the left side of the 
line of ^mod = 10~^Jy, S{zrcc, f) is smaller than So and most detectable bursts come from 
the redshift Zm{< z^cc) which satisfies S{zm,f) = So- In this region, most bursts have 
fiux comparable with 5*0 and the burst rate is determined by nd{zm) and ati{zm)- When 
Zm < 1, Ats{zm, f) is larger than Ares, then A^od = Ats{zm, /)• 

We here also mention to the effect of plasma dissipation in the large-loop case. Under 



the black dotted line in Fig. 4(a) , there is a dissipation-dominated epoch which ends at 
the recombination. Therefore, for parameter sets under this line, the radio burst rate 
is strongly suppressed since all loops which can emit radio wave bursts are formed only 
after the recombination and the loop number density is not enhanced. Even above this 
line, observation of radio wave burst is affected by plasma dissipation for < 10"^'', 
since there is a dissipation-dominated era and loops which emit radio wave bursts are 
formed at the end of that epoch. In the small-loop case, loops which exist at time t were 
generated around t. Although there are parameter sets for which radio bursts emitted 
after the reionization are dominant among all bursts, dissipation is not important for such 
parameter sets since / is so small. Therefore, we can neglect plasma dissipation in the 
small-loop case. 

We give a comment on the radio wave background. Although the radio wave back- 
ground has been observed by various telescopes, radio waves from SCS loops cannot be a 
part of this. This is because SCS loops emit radio wave bursts, whose duration is much 



Hereafter, we call it simply as "flux" 
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less than the time interval of arrivals of bursts. Since the duration of radio bursts are 
shorter than the time interval of each event, i.e. dN/d\nz(z, f) x A{z, f) < ij^ radio 
bursts from SCS loops should not be included in the diffuse background. Therefore, there 
is no constraint on SCSs from observations of the radio background. 



3.5 X-ray and 7-ray observations 

We here focus on the possibility that high energy photons, such as X-rays or 7-rays, 
emitted by SCS loops are detected. Such photons can be detected telescopes such as 
Fermi [37], on which two instruments are loaded. One is Gamma- Ray Burst Monitor 
(GBM) [62] and the other is Large Area Telescope (LAT) [63]. Let us consider whether 
they can detect high-energy photons from SCS loops or not. 

First, we consider how the high-energy photon events caused by SCS loops are observed 
with Fermi. Since there is no time-delay effect for high-energy photons unlike radio waves, 
duration of a burst of photons with energy w > 1 keV is simply given by A ~ ~ 
10"^^ s X ((jj/keV)~^ (see Eq. (139|) ). This is much shorter than the time resolution of 
the detector on Fermi(~ /is for GBM [52] and ~ 10 /is for LAT pS])- Therefore, when 
photons from a SCS loop come to Fermi, they all enter the detector in a time shorter than 
the time resolution, hence there are no incident photons in the next time bin. On the 
other hand, it is almost impossible that multiple photons of the diffuse background enter 
the detector in the time resolution and the astrophysical events such as GRBs last much 
longer than the time resolution. We therefore regard such instant detections as unique 
events of SCSs, and take a criterion that a SCS event is detected if many photons enter 
the effective area of the detector in one event. 

Then we can calculate the detection rate of high-energy photon events of SCSs as 

■^%)=.M.)^W , ' ... . (42) 



dz dz {1 + z)^ ati{z){l + z) 



P{z,nb,nF) = Q{N^{z,9b) - 2)0 |^arccos (^1 



271 



(43) 



'.max{a;,,min{wth(z,6»6),a;ft}} iat 

N,iz,eb)= I du^iz^Ob), (44) 



dN^ dn , du' A 

"d7^^' " ^""'"^ ^ d^7r(^^(^,w/27r))2(aor(2))2 

X 6(1 - 9^{z, co/27i))QMz) - uj')Qa{z, co), (45) 

^ A similar criterion was adopted in the calculation of the GW background which consists of GW 
bursts from cosmic string loops pT] , 
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The meaning of each symbol is as follows. dNb/dz is the occurrence rate of EMW bursts 
at redshift z. P{z,nb,np) is the probability that a burst at redshift z is detected, where 
the unit vectors and fip represent the directions of the burst and the direction of 
the detector on Fermi faces, respectively. The first step function in Eq. P3|) reflects the 
aforementioned detection criterion and the second one represents the condition that a 
SCS loop is in the field of view of detector. Here, ObiOp) is the angle between hbifip) 
and the line which connects the loop and Fermi, fs is the sky coverage of the instrument, 
and N-y{z,6b) is the number of photons which come to Fermi in an event. In Eq. (jH]), 
Uth{z, 6) = 2n{l + z)~^{ati(t))~^ 9"^ is the photon frequency at the emission with emission 
angle 9, Uh and ui are the highest and lowest energy of photons which can be detected 
by the instrument, u' = {1 + z)uj is the energy of the photon at its emission, A is the 
effective area of the detector, and dn/du is the number of photons with energy u from a 
cusp event, which is given by (see Eq. ([3])) 

'^{z.uj) l\aU{z)fl^uj~'/\ (46) 

doj uj doj 

The step functions in ( l44l) are inserted for the same reasons as ( l36l) . Qa is introduced in 
order to take into account the optical depth of high-energy photons. High-energy photons 
emitted at high redshift may scatter with background particles and not be able to reach 
the earth. The transparency window for photons with energy uj emitted at redshift z is 
summarized e.g. in Ref. [22]. We simply take 6^(2, w) = if {z,uj) is in the black region 
of Fig. 2 of Ref. [22], otherwise 60(2;, cu) = 1. Eq. (jUj) is simplified as 

where 9b{z) is the solution of N^{z, 9b) = 2 if it exists, otherwise 0. 9b{z) is the largest 
value of 9b for which Fermi can detect multiple photons in the event. In order for A'^ to 
be nonzero, at least ujth_{z, 9b) must exceed ui. This leads to 9b <^ 1, since uji > keV while 
ati{z) is cosmological. Hereafter we take parameters about the instrument as below. 

A = 100 cm^ ui = 20 keV, uh = 10 MeV, = Air (48) 

for GBM [22], and 

A = 9500 cm^ ui = 20 MeV, Uh = 300 GeV, = 2.4 (49) 

for LAT [63]. 

Then we derive the contours of the detection rate of unique events of SCSs in X-ray 
observation with GBM and 7-ray observation with LAT. The results are shown in Fig. |5] 
for GBM and in Fig. |6]for LAT. Only the results in the large-loop case are shown, since 
in the small-loop case there is no parameter set for which events are detected at the rate 
higher than 1 yr~^ with both GBM and LAT. We also plotted contours of the mode value 
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Figure 5: Contour plots of the detection rate (green lines) and the mode value of the 
fluence (blue lines) at the Fermi GBM. Here a is taken to be 0.1. Below the black dashed 
line, SCS loops cannot emit photons with energy 20keV after recombination. The grey 
and red regions are excluded by the CMB anisotropy constraint and by the past data of 
Parkes, respectively. Under the black dotted line, (rdisH)^^ > 1 at the recombination. 
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Figure 6: Contour plots of the detection rate (green lines) and the mode value of 
the fluence (blue lines) at the Fermi LAT. Here a is taken to be 0.1. Below the black 
dashed line, SCS loops cannot emit photons with energy 20 MeV after recombination. 
The meanings of grey and red regions and the black solid and dotted lines are same as in 
Fig. El 21 



of fluence, the total energy going through the unit area on the detector in an event. The 
fluence of a burst at redshift z with direction n;, is given by 



1 /•max{(^;,min{a;th(6'i,),[x;h}} jt^ 

S{z,e,) = -\ dwuj^iz^d,), (50) 



We define S'mod, the mode value of S{zm, Ob{.Zm)), where z^ is the redshift at which 
dN / din. z{z) becomes maximum. In the large-loop case, there is a parameter region 
where the event rate is more than lyr~^, but all of the region is covered by the CMB 
anisotropy constraint or the constraint from the radio burst observation at Parkes for 
LAT. For GBM, there is a small region which is not excluded by other constraints and 
where ~ 1 yr"-*^. Note that, similar to the flux of radio bursts, Nj{z, Oh) is a decreasing 
function of z and an increasing function of /. The region where ~ 1 yr~^ with avoiding 
other constraints in Fig. |5] corresponds to parameter sets for which the number of photons 
detected in an event from z ~ Zj-^c is much smaller than 1. In this region, most detectable 
events come from 2; ~ 1 and the mode value of fluence is around 6 x 10^^*^ erg/cm^, which 
corresponds to the two photons with energy ~ = 20 keV. 

In Figs. [5] and [6l we also plotted the lines under which (r^isi^)"^ > 1 at the recom- 
bination. Since all parameter sets for which X-ray or 7-ray signals are detected at the 
considerable rate are above these line, plasma dissipation does not affect X-ray and 7-ray 
observations. There is no parameter region for which the earlier dissipation-dominated 
epoch affects observations. 

Similar to the case of radio waves. X-rays and 7-rays emitted from SCS loops cannot 
contribute to the diffuse background because of the extremely short duration of EMW 
bursts. Therefore, there is no constraint from the diffuse X-ray or 7-ray background. 

3.6 Pulsar timing limit on the stochastic GW background 

Like ordinary cosmic strings, SCSs emit GWs and a part of them forms stochastic GW 
background. The amplitude of the GW background is usually written in the form of 
^Gw(/) = ^^^i^/^' where dpG-w{f) /df is the energy density of GWs with frequency / 
and Per is the critical density. A formalism to calculate the GW spectrum Qqw induced by 
cosmic string loops, where plasma dissipation is not taken into account, is given by [6T|IM] 

r)„2 rhf poo ^2 D 

ncw(/) = ^/'/ dhk'l d^^JJM, (51) 

where d'^R/dhdz is the arrival rate of bursts with amplitude h and frequency / emitted 
at redshift z and /i* is defined as 
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(a) the large-loop case, a = 0.1 (b) the small-loop case, a = TcS 

Figure 7: Constraints from current pulsar timing experiments in the large-loop case (left 
panel) and the small- loop case (right panel). Red regions are excluded. On the black line 
the energy radiated by EMW emission per unit time is equal to that by GW emission. 



GW bursts with amplitude h < h^, overlap with each other, so we can think of them as a 
component of the stochastic background. We can write (PR/dhdz as follows. Similar to 
fl5^ . the arrival rate of bursts emitted at redshift z by loops with length / is 

d^R,r ,x dn dV 1 2c Ol^{f,z,l) 

^(/, /) = -(., 0^(^) (,^^)3^(i + ,) 4 Qa - OM. ^, 0)- (53) 

Here dn/dl denotes the number density of loops with length / and it is given by 

(zn = — t z ,ti , \ [A , (54) 

dr ' ' a + r^sdti ^ ' \a{t{z)) J ' ^ ^ 

where ti is related to / as Eq. f fT6l) . 9mif, z, I) = [(1 + z)fl]~^^'^, and c denotes the number 
of cusps which appear per oscillation period of a loop and is set to 1 in this paper. The 
amplitude of a GW burst with frequency / emitted by a loop with length / at redshift z 
is given by 

'^^f- ^- ((if 'If lyr^ jk-y '''' 

Pulsar timing experiments impose a severe constraint on the amplitude of the GW 
background at frequency / ~ 1jt~^. One of the recent experiments NANOGrav [65] 
gives an upper limit as ^gw < 1-9 x 10~^ for / ~ 1/(5 years). We use this as the current 
constraint on the GW background induced by cosmic strings. 

The resultant constraints in I-Gfi plane are shown in Fig. [7] for the large-loop case 
and the small-loop case. Again, the larger parameter region is excluded in the large-loop 
case than the small-loop case. If GW emission dominates over EMW emission, a loop 
releases most energy as GWs and the energy density of such GWs is almost independent 
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of /. On the other hand, if EMW emission dominates over GW emission, / determines 
the abundance of loops through the hfetime of loops and the ratio of energy emitted as 
GWs to that as EMWs. Therefore, I affects the spectrum of the GW background and 
the upper bound on from the pulsar timing experiment becomes weaker for larger I 
in this case. 

In Fig. [71 we also plotted the line above which there is no dissipation-dominated epoch 
in the history. Since the excluded region in Fig. [7] is above this line, the above calculation 
in which plasma dissipation is neglected is justified. 

4 Summary and Discussion 

We explored various cosmological and astrophysical constraints on the parameters of SCS 
loops. Results are summarized in Fig. [8] for the large-loop case and in Fig. |9] for the 
small-loop case. These figures show that the CMB anisotropy constraint is most stringent 
and excludes the largest area in the parameter plane among various types of constraints. 
However, there are some regions which are consistent with the CMB anisotropy observa- 
tion but excluded by the CMB distortion constraint, the BBN constraint or the constraint 
from past Parkes data. Measurements of the GW background in pulsar timing experi- 
ments also put upper bound on for arbitrary / in the case that GW emission dominates 
over EMW emission. Therefore, we can say that different types of observations are com- 
plementary to each other for constraining SCSs. Besides, we find that exploration of 
radio wave bursts in Parkes HTRU survey, one of the on-going high-sensitivity surveys 
can constrain SCSs or find the signature of them for large parameter regions. It will be 
fruitful for the study of SCSs to perform the data analysis like Ref. [36] in the on-going 
or future radio wave observations at not only Parkes HTRU survey but also LOFAR |66j . 
SKA [HZ] and so on. Unlike radio wave observations, it is difficult to detect X-rays or 
7-rays emitted by SCSs at high rate with Fermi. 
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A Plasma dissipation on SCS loops 

A SCS with a current generates magnetic field. Surrounding plasma flow into a SCS, but 
the presence of magnetic field prevents the plasma particles to hit the SCS itself. Thus 
there is a cylindrical region around SCS where plasma cannot invade [1]. The radius of 
this cylindrical region is given by Rg ~ I /{u^fpl), where u is the velocity of the SCS and 
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Figure 8: Summary of constraints in the large- loop case. The red, light blue, blue and 
orange regions are excluded by CMB anisotropy measurement, CMB distortion measure- 
ment, BBN, pulsar timing experiments and the past observation of radio bursts at Parkes, 
respectively. Inside the brown line, the CMB distortion will be detected by PIXIE. Inside 
the green line, radio bursts will be detected at the rate higher than lyr^^ at the Parkes 
HTRU survey. Inside the purple line. X-ray events are detected at the rate higher than 
1 yr~^ at the Fermi GBM. Inside the yellow line, 7-ray events are detected at the rate 
higher than 1 yr~^ at the Fermi LAT. On the black solid line, the energy emitted as GWs 
from a SCS loops is equal to that as EMWs. 
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Figure 9: The same figure as Fig. [HI but in the small-loop case. There is no parameter 
regions for which X-ray (7-ray) events are detected at the rate higher than 1 yr~^ with 
Fermi GBM (Fermi LAT). 
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Pe the energy density of the electron plasma. The force acting on the SCS per unit length 
is estimated as 

PeUU ; uRs < V 
PeV^Rg ; uRs > u. 

where is the viscosity of the plasma. It is roughly given by z/ ~ V(,Xe, where Ve is the 
average velocity of the electron and Ag is its mean free length. The velocity Ve varies in 
time as 

T > me 

-^rcc <T <me, (57) 

T < ^rcc 

where Tree is the temperature at the recombination. The mean free length is evaluated 
as Ae ~ (cjRne)"^ where Ue is the electron number density and aR ~ o'tv~'^ is the cross 
section of electron-electron scattering with ax denoting the Thomson scattering cross 
section. This frictional force tends to damp the motion of SCSs. On the other hand, the 
force caused by the string tension itself is given hy Ft ^ p/ 1 with / being the curvature 
scale of the SCS loop, which is roughly equal to the length of the loop. If Ft ^ Fjis, 
the effect of plasma dissipation is negligible and the dynamics is dominated by the string 
tension itself. If Ft <C -F^is, the SCS dynamics will be damped and its motion will be 
non-relativist ic, which might affect the evaluation of the GW and EMW emission. Here 
we evaluate the ratio of these forces. For a loop with length / = Fegt, we find 




Ft Gp, ut _5 



if uR. < z/, and 



(58) 



^ (59) 



if uRs > V. Eq. fl58|) is minimized at T = mg and the value at that time is 



A ^ 1019 X (60) 

-^dis wFeflf 

The minimum value of Eq. ( l59|) . which is taken at the matter-radiation equality, is 

^' . 10- X ^ ('-^\ . (61) 



-Pdis uT^fi \ I J 

Therefore, the drag force due to plasma dissipation can be neglected compared with the 
string tension and the assumption that SCS motions are relativistic {u ~ 1) is justified. 

However, the dissipation due to the plasma interaction still may not be negligible as 
a energy loss mechanism of a loop. The energy loss rate of a SCS loop due to the plasma 
interaction is estimated as 

Pdis ~ Fdis/. (62) 
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This should be compared with the EMW and GW emission rate, Pew and Pgw- We find 



-Pgw Ft , , 

-B —TgwGh, (63) 

-'dis -'^dis 

and 

-Pem Ft I , , 
— Fem-iz. (64) 

-fdis -Tdis V/^i 

Ahhough these ratios are larger than 1 for most parameter sets we are interested in, they 
can be smaller for very small Gfi or /. In fact, constraint from the CMB anisotropy, CMB 
spectral distortion and radio wave observation, which include the very small values of Gfi 
and /, are affected by the dissipation effect. 
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